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Dear Captain Buracks:: 
—— 





7 Tne thesis ty uueutenants BE, lL. Perry and L. W, A. wanshew 
— ent sivled "Schiieren Observation of Supersonic Discharge” : 
presents pressure meisurenents ani Schlieren photograph: ov ; 
Supersonic streams discharging inte an exhaust space under 

peer tous conditions, The photograshs show intereating de bail. 
which in general. cevvesponds to analytical results. Th most 

significant observas.on was a comparison of two supersonic 
streams alike in avorage conditions but dii'fering in thc.cknsss 


















of the boundary layor. The effect of bountary-laver thicknase 
on the nature of the shock pattern is show cleariv. 
The thesis cy Lio. Condrea’ WW. Wi. Teoil and J, & Bowen . 


entitled "“Investigay.on of the Condensation Shock in Aiv by 

Use of the Schliere: Metiod" presents pressure measureme2rites 

and Schlieren photographs of the shock patterns when water 

vapor in air condensue to form a “og of liquid or solid 

particles, It has extended our knowledge of the conditions 

which control condensation and of tie condensation shock which 
accompanies it. 


From either of scsi theses a paper could be Prepared | 
which would be publichec in one of the journals of the 
professional wicietiag 
Yours truly, 


/s/ Joseoh H. Keenan 


Jocenph H. Kesnan 
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77 Massachusetts Avenue 
Cambridge, Massachusetts 


September 16, 1946 


Professor J. S. Newell 
pecr@uury of the Feculty 
eeceenbatius Institue of Technology 
77 Massachusetts Avenue 
Cambridge, Massachusetts 
Dear Professor Newell: 

Herewith we submit our tnesis entitled 
"Investigation of the Condensation Shock in Air by use 
of the Schlieren Method" in partial fulfillment: of ths 
requirements for the Depree of Master of Sclemeaueas 
Naval Construction and Engineering at the Massachusetts 


Ensuituce of “Techno loay. 


Very tru sy ommo:, 
SS Oe 
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SUNMARY 


The object of this investigation is to study the 
effect of variation of moisture content in air upon 
the formation of a condensation shock. An Sec ror 
was used to draw air through a two dinensional con- 
verging-diverging nozzle with glass walls. Moisture 
content of the air was varied br a dehumidifier. 
Schlieren pictures of the flow were taken from which 
measurements of the position of the shock were made. 
Also pressure nena were taken along the nozzle. 
The humidity of the inlet air was measured with wet 
and dry bulb thermometers. 

The results obtained by correlation of the data 
for a nozzle of constant angle of divergence are: 

(1) The pressure rise due to a cons tae shock 
is a direct function of the specific humidity of the 
inlet air. (Figure VIII). 

(2) For a given inlet temperature, the distance 
of the condensation shock downstream of the throat 
varies inversely as the specific humidity of the air. 
(Figure IV). From this relation, it is postulated that 
the position of the area ratio at which the shock would 
occur can be plotted against snecific humidity for a 


given inlet temperature. In this way, the curve will 





ee. Por nOogzles of vannwovws contours. (Fikkure rm). 

(3) The amount of water vapor sondensing out ia 
the condensation shock can be predicted if the inlet 
Svectiic Hmeiditv is known (Figure x). 

(4) The difference between the temperature at 
which the water vapor becomes saturated under equili- 
bruim conditions and the temperature at which the 
condensation shock occurs, as the hunid sir nasses 
Pivowed, Che nozzle, is essentially a constant of about 
110° Pp, 

(5) The drop size of the water condensing out 
bn Give ee: is essentially a constant. This is ghovwn 


On Meese rot. 





INTRODUCTION 


When humid air is expanded by passage throurh a 
simple convergent-diverrent nozzle, ‘the water vapor 
remains 4 vapor at the saturation temperature and below 
and continues to expand into the sunersaturated region. 
Part of the water vapor in this meta-stable state con- 
denses out ranidly at a ceeta fs point, alone the nozziee 
At the noint of condensation a pressure rise occurs in 
the stream. This phenomena is known as the condensation 
shock. 

A more complete understanding of the condensa- 
tion shock is necessary at the present time due to 
recent increase of flow speeds into the supersonic 
resion. Difficulty nas been exnerienced in the design 
Or sunersonic wind tunnels and in gas turbine ress a2. 
due to the cresence of condensation shocks. 

Very little information on the condensation shed 
igeeaveilable in the literature at present. J. 1. #eueeaa. 
@nd Cc. Ke Holland (1) (2Y have investigated the conden- 
sation shock in steam. R. Hermann (3) in 1934-36 studied 
the condensation shock in air. These experiments were 
crimamidly designed for the provision of Gat@ in comme. 
tion with the construction of a workable suversonic wind 


tunnel. Hermann verified previous experiments bv showing 


“ (1) (2) Revter to numbered re°’crencesg in the ibliorrerhy 
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that there is a unique position of the shock in the 


nozzle derending upon the relative humidity of the 


aire K. Oswatitsch (4) published in 1°42 a step by 
Sve meeiod of coOmsuting the pressure as a function 

of distance along a nozzle in the region of the con- 
densation shock. This method was applied to measured 
data of Yellott and Holland and A.}. Binnie and .W. 
Woods (5), and his own experimental data, and excellent 
correlation was obtained. As mentioned, however, the 
experimental data in this field is small, and the pur- 
pose of our study is to verify previous results jane 
obtain additional information on the laws governing the 


condensation shock. 





Paco ND eee RIPTION OF AEPAFATUS 


FS a ee a 








The S&hlieren apparatus is an opticel wethor of 
indicuting density gradients of the flow in a nozzle. 
The geet obtuse Gs ndequaevely desgeribed inewreterence 
(6), np. 26=20 and pp. S4=68. In order te stood :mg 
possible movement of the shock, the Edgérton Hign 
Speed Flash Unit, referance (6), pn. 39-42, was used. 
The indicated flash duration of one -five millionths 
of a second is not attained due to strov wire cunaci- 
tance, but the unit provides sufficient speed for the 
purposes of this study. 

& steam efector was used to maintein a vacuum of 
about 27 inches of Hg. “on the nozzle exhaust. This 
Snsured sunersonic flow in the nozzle. A gchematic 
diagram of the apnaratus is shown in Fisure I. Atmee— 
rheric air may be drawn through valve B and Cehumidi- 
fied air through valve A. By adjustment of valves A 
and B, the relative humidity of the air can be VErPueG 
about 40%. The maximum pressure drop Saydians the de- 
humidifier was 1.5 cm. of HE. 

Humidity measurement was made by means of a wet 
and dry bulb thermometer at the nozzle inlet. faired, 
rapid reading thermometers were used. 


As shown in Figure TI, reference lines were 0] teed 





at the throet and at a station 7.2 inches below the 
throat. This enabled us to Accurately neasure the 
position of the shock and also to determine the fore- 
shortening of the photozrarh taken. tKFressure tans 
were placed along the nozzle at points indicated. 
Pressures were measured by mercury manometers. An 
additional pressure tap was located in the 2" nozzle 
Inlet pive. 

Olmultaneous readings of pressures and of wet and 
dry bulb thermometers were made after a steady state of 
flow was obtained for the desired reletive on 1d ia 
Wither a cicture was taken or the vnosition of the 


shock measured directly from the camera screen. 





FIGURE I 
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TABLE OF CVNBOLS 


Area, ct.© 


specivtic heat at constant pressure of air 
eed fete lb. 


specific heat at constant pressure of water 
vapor, at low pressure, 0.14 B.T.U./1lb. OF 


AcceW@Rution of gravity, 32.2 ft./sec.- 
Enthalpy of a mixture of air and water vapor 


(nlus ice or water if appropriate) B.T.U./lb. 
Emi nelpy of air, B.T.U./ib. 


Enthaloy of ice, B.T.U./1b. 


Enthaloy of water vapor, B.T.U./1b. 


Heat of vaporization or sublimation, P.T.Us71b. 


Mechanical equivalent of heat, 778 ft. libs/P.7.U 


Isentropic exponent for the mixture, taken as 1.4 


wach No € 


D0 Sane 


air 


Lbs. of water vapor 


Lbs. of water or ice condensing out in the 
CONnGehsaw2 on shock 5 
Pressure of the mixture, lbs./in. 


D>) 
Fartial pressure of the water vapor, lbs./in.” 
Partial pressure of the air, lbs./in.* 


Saturation pressure for water vapor in thea 
equilibrium with drops of infinite radius, lbs./in.* 
vanor in themga 


Saturation pressure for water a 
equilibrium with drops cf radius r, lbs./in.*= 


Radius of water dronlets, ft. 





t - Temperature, OF 


7 - Temnerature, IF absolute 

Heat - Tenperature at which the water vapor in the 
air becomes saturated, considering a stable 
state exists, as humid air flows through the 
nozzle, °F absolute 

4] - Velocity, ft./sec. 

Vv - Specific volume of the mixture, fto/lb. 

7 - Specific volume of water at the temperature 
CPeosdron.. fteoy 1. 

worw - Specific humidity, lbs. of wate’ vapor per 
ibe Of. 22 

x - Actual distance from throat to condensation 
shock 

an - Distance from throat to coneensa&ation shock 
as measured on a picture 

oT - Surface tension of water, lbs./ft. 

gp - Relative humidity 

subscrints 


No subscript Ay POSLULON in Bicenogzere 


OQ - State at nozzle entrence 

iy - State at an infinitesimsel cdistence 
pefore the shock 

L -~ Stete at an infinitesimal distance 
after the shock 

2X - Alr 


WV - Waver vapor 





RESULTS 


The data of tables TiI,7Vs". (see Appendix) was 
obtained in sequence. Table III gives the results of 
two sets of runs taken on two different days and is 
apranged in order of decreasing relative humidity. 

Hieh humidity runs 1, 2, 3, and 4 were obtained using 
steam to humidify the air. The nictures fOr these 

give qualitative results but tne data is considered 
questionable. The pictures obtained during these runs 
feiteweanGware arranged in order of decreasine swecitic 
humidity. 

Upon reviewing the above data, it was considered 
desirable to obtain more pressure data in the vicinity 
of the shock. Additional pressure taps were added (see 
Figure II). Table IV presents the results obtained. 
Fressure measurements were taken but no additional pic- 
tures. Pressures at stations 8 and 4 were unreliable 
due to oblique shocks originating at their pressure 
tans. 

Upon making the plot of x/t (defined on figures 
III and IV) Vs snecific humidity, shown in Figure IV, 
it was believed that x/t was a straight line function 
of specific humidity for a given iniet temperature. 

The data of Table V presents additional information 
for a lower range of inlet temperatures than had been 


obtained previously. fictures were not taken but 





VuIMES © kX were méitsured dlwectlvy Cro tim canmre 


SCPC, 


PICTURES 


The ric®ires of runs 1, °?, und 3% are taken wale 
Qark Tileld anc the condensation shock *nnedrs ight. 
Meeeotner @ibktures are taken with Light ficl ene =i 
condensation shock shows up gs 2 dark bend. Steam 
Pom Used to increese the humidity of runs 14 $ge34 
and 4, x” is the distance from the throat to, The) “am 
aengavion snoecv os measured cn the picture. Brie re 
Gietince from. the throat to the condensatlon sheer 
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Crees 2 civil Piot of HR. Hermann (34). Relagive 
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Dat@ tor wlotiinge curves 1] to F on “Wibures V, Vi, pee Va? 
Was obt&éined xs tndic: ted in the following téble. 
TABLE I 
Curve Run _ Tsble Cer W av: (Po-P Symbo] 

-00581 00581 0.044 ie 
~00714 000714 0.051 A 
00997 (a 
.00975 00985 0.062 O 
00982 A 
001082 001087 Oe 0 
sOL0CZ O 
C1254 01259 Og eZ x 
001265 Vv 
201358 0015435 0.094 Vv 
-01328 « 
2013584 0015814 C.082 ¥ 
O15RE 01588 QO.106 O 








As shown in the table, runs with about the same 
specific humidity and inlet temnerature were groupéa, 


where possible, to correlate the data. 





These curves were plotted to represent an instanta- 
neous pressure rise at the position of the shock @s de- 
fined below: 

(1) The pressure ratios P/Fp, from the throat down 
to the location of the shock were plotted against dis- 
tance along the nozzle. 

(2) Pressure ratios downstream of the shock were 
plotted. 

(3) These curves were extrapolated to the location 
of the shock as determined from the photographs taken. 

(4) The vertical distance between the two curves 
was taken to represent an equivalent pressure rise which 
could be used to represent the condensation shock in 
calculations. This is the value (P2-P1)/Po.- 

Curve VIII shows Po-P 1 Vs specific humidity. This 
curve shows that the cis rise in a nozzle is a di- 
rect function of specific humidity. 

Before proceeding with the discussion of the re- 
sults, the limitation on accuracy of the data presented 
must be mentioned. Steady state conditions for anv one 
run were difficult to obtain, but relative humidity never 
varied over 0.5%. This variation resulted frcem the rise 
of inlet temperature caused bv the dehydrating action 
of the silica-gel. Because the pressure measurement 


showed no variation over the duration of a run, it is 
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-Telt that the specific humidity r-mained essentially 
constant. 
S 

auick reading, large scale, paired thermometera 
were used in humidity measurements. Air passer over 
wet and dry bulbs at 3,000 ft./min. which is well 
over the 600 ft./min. minimum velocity required. 
Relative humidity was obtained by means of reference 
(2). 

specific humidity was read from Table VII or 
Chart XII of reference (8). The accuracy of the 
recorded snecific humidity was about 7 0.COCC3 lbs. 
water vapor/lb. air. 

Measurements of x, the distance of ‘haga 
Gownstream of the throat, were measured to the center 
of the shock to an accuracy of about 7 0.01 inch. 
These distances had to be corrected for foreshorteninge. 
The two reference lines nlaced 2.¢ inches apart on the 
nozzle measured 2.99 inches on the pictures, giving a 
correction factor of 3.2 or 1.07 which has to be 
applied to ie. ame from pictures. 

Due to the physical nature of the condens«tion 
shock which occurs over a relatively broad area, the 
measurements were made to the point of maximum density 


ag mentioned above. It may be shown by comparisons of 


pictures A and B how sensitivity in acjustment or the 
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The pressure measurements obtained are considered 
necurate to + 0.5 mm. He. Oblique shocks, observed on 
the pictures, from Stations 8 and 4 were believed to 
have resulted in unreliable readings and the pressure 
readings at these stations were not used. 

Upon measuring the areas of the nozzle contour, 
4t was found that the measured areas did not agree witn 
fide noOzZ1e Gesien. Nozzle area measurements were made 
by micrometer to an accuracy of .OO1 inch. The results 
of these measurements are listed on Table VI in the 
Appendix. A plot of area and area ratio Vs distance 


along the nozzle (Figure XIII) follows Table VI. 





DISCUSSION OF RESULTS 


As brought out in the RESULTS, the followings 
correlations were obtained for the test nozzle. 

(1) For a given relative humidity, the location 
of the shock can be nredicted within narrow limits. 

(2) For a given inlet temperature and specific 
humidity, the location of the shock can be predicted. 

(3) For a given specific humidity, the vressure 
rise across the shock can be predicted. 

in order that the information of Figure IV may 
be of use for nozzles of various designs, Figure Ix 
has been prepared. Thisfigure shows area ratio Vs 
specific humidity, where area ratio is the ratio of 
the area at the position of the shock to the nozzle 
throat area. It is proposed that the results of 
Figure IX will hold for nozzles of various contours. 

The results and conclusions stated to this point 
have been derived directly from the experimental data. 
It is now proposed to investigate the mechanism of the 
condensation shock by analytical methods. In narticu- 
jar, the following conclusions will be brought out: 

(1) For a given specific humidity, the amount 
of moisture condénsimg out at the position of the shocx 


will be vnredicted. 
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(2) For any specific huridity and inlct tempera- 
ture, it wi)l be shown that the difference between the 
temperature at which the air becomes saturated uncer 
equilibrium conditions and the temnerature at whe 
condensation occurs is essentially ¢« constant. (Taq pet we 

(5) The order of magnitude of the drop size 


formed after the condensation shock will be -redicted. 


TUFOR'TICAL ANALYSIS 


Mathematicul analysis of the flow stream across 
the condensation shock can be mace by the uge of rour 
equations. 

Pecan 


ps V1" = Ho + Vor 1} 


oJ RLS 





ee Continuity 


. a | 
Viz Ys, since’ A, = Ao (2) 
Viva 


4. Womentum 


wre Vos 
Gr 
Vo ay V4 + &Vy (Py = Po) (4) 
Vy 
os ae =e eet) (5) 


Tne use of the fourth equation makes two analvti- 
e1l methods of approach possible. 

(1) Father the drop size r can d* ussrrgd iafinite, 
hence fixing the pressure rise due to the condensation 


P20CK, OF 


(2) The observed value of the pressure rise across 





tne shock may be used and the v@lwe of Lhe crop gixe 


evaluated. 


mobince tine second method of “pgroach Mogren ee 
represents actual conditions, tnis will be followed. 
Mo acddifi0n, in Creager toa Bete) co--dittons at the 
shock may be represented as closely as possible, tne 
observed value of P,/P, at the position of the shock 


will be used in preference to the theoretical value. 


The energy equation (I) may be written: 
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Simplifying tho left hand side of the equation using: 
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m= Myyy 7 Mary 2 
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Re-writing, 
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h” = Hwys - Hip 
Substituting above 
Ma Cyg(Ty - To) + Myyy (Ky, 7 Bwyo * ne) = Myyo he 
My + Many 
oF) 
Me Sna (Ty - To) + Mary (ayy 7 hyo) cor (Om 
Ma + Myyy 
Z 
aa Vo = Vy (3) 
etd 
Me Cog (Ty - Tg) + Mav} Cowv (Ty - Tp) + m™ h 
M, * Shay 
eB, - 





pOlvViieeror a”, and Sa Rane i. 1 lb. 


e go f,) + w (0.44) (T, -T,) (8) 
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Sannle culeulstion of m’ from icnown vcressure rise scross 
shock. 


Given: 


Po = psi 
W = Tega aes 
To = sae 
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Pyem pertect yas rciitiobWusige « = 1.4 «nd lrnowing 


Pi/Po 


Viz 49V Ty Myo: fi/sec 


Vy = APY a ' cuft/1b 
Fy x 144 


Using equation (4) 


Vo = Vy - Bvz (Po - Py) x 144 = ft/sec 





Vo =  Wevy 


The effect of the specific volume of the water vanor is 
not included as the correction is small. 


owe ro Vee ban = ae 
R 


h* obtained from Table 5, Reference (10). 


From equation (8) 
it ls of interest to note that regardless of whether 


h” renoresents heat of fusion or of sublimation, therey 
is little effect on the computed value of m. We @imece 
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LO MiBee the calculation usine both values of nh) ait, 


will be rointed out loter that tt is cL TT ienlt +o Saee= 
diet whether ice or water ig formed inthe sheeis 

tuis culeculation was carried out for the Citar 
curves On Figures V, VI, and VII. ‘The details cf <page 
calculation are shown in the ApPeheas in Tape. yee 


The first values of m”, Wo, and Pao were obtained using 


a 
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ni? 


é 
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equal to the heat of sublimation. For the sécond 


set of values, h” equal to the heat of vaporization 


Wace WSC al, 
For this computation based on the known pressure 


rise across the shock it was found thet the ratio 


at 


We increased as wi decreased. wo is defined as Ww] 7 @ - 


an on 


W 1} 
This information is shown on Fisure X. It is seen fron 


tN) 


tris Licure that with a known inlet specific imitdiaae 
the lbs. of water vapor per lb air avter the shock can 
be predicted. The m” used in the aalculation of Wo for 


2% 


Migure X was based unon h” being the heat of anhiimation. 
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It has been found that for steam, when exnanding 
PoentUrepically across theS@aatvuration line, that cere 
femal lOn Goes not OCCUr Ynell Ene Wajlson Line 2a 
ewe ccd. 

This line is located approximately 60 Btu helow 
the saturation line on the Mollier diagram. A simi- 
lar relation was sought for humid air expanding isen- 


Uie@eicaliy. 


For a given w and T,, ; 


Peg =z WPo 
Onoee 


Selecting u nressure ratio P/P,, 
ee 
O 


~ 


From the perfect gas relation the temperature of the 
mixture covresrondins to P_ is 
Fo 


Pp k = 1 
— or kx 
O 


Prom the calculuted T and reference (10), the saturation 


? 


pressure, Psat», for equilibrium conditions .cuan be com- 
pet 


puted. A cut and try prosess in which various values 


of P/F, are assumed is then used to make f, = Peat siv- 


~ 


= 


ing the temnerature at which the air becones saturated. 
The results of such a computation are shown on Fisure 


XI. Uslme computed valueseo Scns following results 





were obtained. 


TABLE I 
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200714 
00982 
Sone SZ 


001254 


001358 


201384 


001588 





The results indicate that the condensation shock 
occurs at Tyat - T, = 110°F. There annears to be 4 
slight trend for the temperature difference to decrease 


with increasing snecific humidity. 
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We define wo = wy - m* (9) 
then, Wo = 0.622 — (10) 
Po 
Or, Pso = WoPox -_ psi (i 

0.622 | 


Values of Pso were computed for the eight runs 
for which m” was computed. It was found upon comparing 
Pso computed from formula (11), that Pg5 was much greater — 
than the saturation pressure for equilibrium conditions 
corresponding to the temperature To. 

Now we will review the events occuring in the flow 
of the humid air through the nozzle. At the nozzle in- 
let the water vapor in the air is in a supe heated 
state. The mixture of water vapor and air is expanded 
isentropically through the nozzle and at a temperature 
of about 110 degrees below the temperature at which 
condensation should have occured, some of the water 
vapor condenses out. As mentioned above, the vapor 
pressure after the shock is greater than the equili- 
brium vapor pressure at that temperature. The vapor 
opessure under stable conditions is that corresponding 
to vapor in equilibrium with drops of infinite radius. 


The Von-Helmholtz relation * shows that if the pressure 


a Se 
. 


xReference (11), pages 434 - 437 — 





of the wi.ter vanor is rreater than the sa@Lumation 
pressure under equilibruim conditions, then the water 
vapor is in equilibruim with drons of lesm than ine 
iemeeoe radiis. 

_ By means or the Von-Helnholtz equation, Vaec 
Appendix pp. 62), Figure XII, which follows, was drawn. 
Figure XII shows, for various drop sizes, the pressure 
of the water vapor in equilibruim with alsa drops for 
a given temperature. Calculated points from the eight 
runs which were calculated in detail (Table VII) are 
snown on Figure XII. These points are plotted using 
To and Pgo as arguments. The circled points corresnond 
tO Pgo9 computed on the basis that “Mee rorns ana» the 234) 
points correspond to Pso computed on the basis thet 
forms. The four low soecific humidity points lie at a 
Dressure below the triple point pressure of 0.0888 psi. 
Under stable conditions, ice would he formed in the shock - 
at tnese low pressures. The vapor pressures of the four 
high humidity points lie above the trinle point pressure 
ana probably water droplets would form in the shogike 
However, it is difficult to predict in this metastable 
state whether ice or water droplets form. For the four 
higsh humidity runs, ee that a drop size of about 


3 x 107% feet is fommed) tn Gemee nee eee possible that 
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FIGURE XD 


PLOT SHOWING THE SIZE OF WATER DROPLETS 
FORMED IN A CONDENSATION SHOCK 
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41 96@reatuble stath of subcooled water exists below the 
Die Lea oi nt pressure. If this is true, it annears from 
Pisure XII that for all snecifice hunidities the drop size 
fornainte in the shock is of 2a radius of about 3 x 1079 feet. 
Because of our inuhilitv to nredict tne exact nature of 
this phenomena, both the circled and "x" points are shown. 
It must ve mentioned that in the computation of 
drop size it was found that the various reliable authnori- 
ties tive an appreciable variation in tigva Mae ar 
Pogo at temperatures below 32°F. These discrepencies 
increase with decreasinc temneratures. Also values of 
surface tension are not definitely known at these low 
temperatures. 
In conclusion, it is obvious that further exnlereaca 
of this subject is necessary in order to present 4 comolere 
nieture. However, it is honed tnat the resuius yor seu. 


experiments will contribute to the knowledee of this 
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RisCOwk ENDATTIONS 


(1) In preference to the conventional two dimen- 
Slonal nozzle, it would ve better to use a half nozzle 
SonLour With a Slidimeostnagent wall section fitted 
with a pressure tan and a micrometer screw for accurate 
longitudinal measurement of the position at which the 


Peessure- is measured. 


ms 


(2) Fore accurate nderatity measurements areeaga. 
Simable. Chemical methods can give anv desired Cemmed 
of accuracy. 

(3) It is desirable to cover s wider ranzve of 
inlet temperatures and specific humidities. 

(4) Verifv the vronosed correlation that a plot 
Of@area ravio against specific humidityeor 24a) 7en 
injet temperature mall determine the position of tae 


condensation shock for nozzles of various contours. 
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Table V - Original Data 58 
Papte Vi ~ Data of nozzle areasand area O° 
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Figure XIII - Area and area ratio Vs distance 60 
along the nozzle 
Table VII - Detailed calculation across the 61 
eondensation shock 
Table VIII - Caleulation of vavor pressure 62 


of water vapor in thermal equi- 
librium with drops of various 
rudii. 
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The “calewlation of the vapor pressure of weter 
vapor in thermal eaullibrium with drops of various 


radii for various temneratures: 


L 
Ln Pan ae oo V 


Where KR = 85.8 and@?d is the surface tension in 


S 
dynes/em. siven by: 


3° 


go * = 75.64 - 0.1391t - .C003t" (t in °c) 
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Fagg is given by the equation below: 


logy Poe 21.075 = 2905.59 ~ 4.71754 logy? 
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Where T is expressed in °Kelvin. 
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